A B S T R A C T In order to obtain direct evidence for the existence of a natriuretic hormone, dialysates and ultrafiltrates of plasma of dogs expanded with saline were tested for effects on sodium transport by the toad urinary bladder. Dialysate was obtained by dialysis of blood in vivo in a clinical dialyzer and by dialysis in vitro of small volumes of blood using a miniature model of the clinical dialyzer. Ultrafiltrates were prepared using selective molecular filters which permit passage of substances on the basis of molecular weight and three dimensional configuration.
A B S T R A C T In order to obtain direct evidence for the existence of a natriuretic hormone, dialysates and ultrafiltrates of plasma of dogs expanded with saline were tested for effects on sodium transport by the toad urinary bladder. Dialysate was obtained by dialysis of blood in vivo in a clinical dialyzer and by dialysis in vitro of small volumes of blood using a miniature model of the clinical dialyzer. Ultrafiltrates were prepared using selective molecular filters which permit passage of substances on the basis of molecular weight and three dimensional configuration.
Dialysates and ultrafiltrates of hydropenic dogs caused a change in toad bladder potential difference of + 1% and in short circuit current of -5%. In contrast, dialysates and ultrafiltrates from expanded dogs caused a change in potential difference of -23% and in short circuit current of -32%, a highly significant difference. Onset of reduction of short circuit current occurred within 3-5 min, reaching a maximum in 10-20 min. The effect was rapidly reversible, was specific for the serosal surface of the bladder, and could not be explained on the basis of nonspecific alterations in ionic composition or by dilutional effects. Ultrafiltrates of jugular vein plasma caused significantly more reduction of short circuit current than ultrafiltrates of femoral vein plasma. The data indicate the presence in plasma of saline-loaded dogs of a dialyzable inhibitor of toad bladder sodium transport. Ultrafiltrate studies using membranes of appropriate selectivity suggest the factor has a molecular weight of less than 3000.
INTRODUCTION
The mechanisms regulating renal sodium excretion have received extensive study for many years. In a clasThis work was presented in part at the National Meeting of the American Federation for Clinical Research, 4 May 1969, Atlantic City, N. J.
Received for publication 8 September 1969 and in revised form 19 December 1969. sic review article in 1957, Smith (1) suggested that some extra-adrenal hormonal system might be important in controlling tubular sodium reabsorption. Subse- quently, de Wardener, Mills, Clapham, and Hayter (2) and Levinsky and Lalone (3) demonstrated that natriuresis after saline loading in the dog was primarily the result of decreased tubular sodium reabsorption. This finding suggested the possibility that a natriuretic hormone might be an important factor in saline diuresis.
In spite of subsequent efforts in a number of laboratories, the existence of a humoral inhibitor of renal tubular sodium reabsorption remains a matter of considerable controversy (4) . Cross-circulation studies by Johnston and Davis (5) and Lichardus and Pearce (6) have been interpreted as indicating the presence of a transferable natriuretic factor in volume-expanded dogs. The studies of Bahlmann, McDonald, Ventom, and de Wardener (7) in which the effects of dilution by the expanding solution were carefully controlled, have been similarly interpreted. However, cross-circulation experiments reported by McDonald, Schrier, and Lauler (8) and by Levinsky (19) (4) .
In an attempt to obtain direct evidence of the existence of the postulated natriuretic hormone, we have studied the effects of dialysates and ultrafiltrates of plasma of saline-loaded dogs on the rate of active sodium transport in the toad urinary bladder. Our studies were based on the assumption that the postulated factor was dialyzable and the studies were designed to obtain the factor in a solution having a physiologic ionic composition.
The results demonstrate that both dialysates and ultrafiltrates of plasma of dogs undergoing saline diuresis inhibit transmembrane potential difference and short circuit current of the toad bladder. The data suggest that acute saline loading in the dog is associated with a humoral factor of low molecular weight which has the capability of inhibiting active sodium transport in vitro and may be a natriuretic hormone.
METHODS
Female mongrel dogs weighing 10-20 kg were fed a cereal diet. Hydropenia was produced by food and water deprivation for 12-16 hr before study and the dogs were divided into two groups.
Group I. 13 hydropenic dogs were anesthetized with pentobarbital (25 mg/kg), given heparin intravenously (30 mg initially followed by 10 mg/hr thereafter), and subjected to in vivo dialysis before, during, and after saline diuresis by the following procedure. Both jugular veins were cannulated and blood recirculated by a peristaltic pump at 80-120 ml/min through a Klung dialyzer having a membrane surface area of 0.5 m2 with a countercurrent flow pattern (13) . The dialysate was 100 ml of bicarbonate Ringer solution which was recirculated at the same rate. Ultrafiltration occurred at approximately 1-2 ml/min and was replaced by a constant infusion of isotonic saline. Hydropenic dogs were dialyzed for 60-90 min, and an aliquot of dialysate removed (hydropenic dialysate). Saline diuresis was then induced by the administration of 0.9% saline intravenously, 500 ml at 25 ml/min initially, followed by a constant infusion at 10 ml/min. Urine was collected at 20-min intervals for the determination of urine flow (V). V increased from less than 1 ml/min to 2-10 ml/min during the saline infusion. Approximately 30-60 min after starting saline, the dialysate compartment of the dialyzer was rinsed with fresh dialysate and dialysis was performed for an additional 60-90 min. An aliquot of this dialysate (diuretic dialysate) was collected at the end of this period. In four studies, the saline infusion was stopped; and after rinsing the dialysate compartment again, dialysis was continued for 60-90 min and an aliquot of dialysate was collected (postdiuretic dialysate). In Ultrafiltrates studies. Also shown in Table IV is the effect of UM-2 membrane ultrafiltrates of diuretic jugular plasma from five dogs on PD and SCC. There is no difference between the effect of these ultrafiltrates and the diuretic ultrafiltrates obtained using the UM-10 membrane (P > 0.3).
In seven dogs diuretic plasma was drawn simultaneously from both the jugular and femoral veins. A comparison of the effects of these samples on toad bladder PD and SCC is shown in Table V . Jugular diuretic ultrafiltrate caused a mean fall in PD of -22 ±3% and in SCC of -33 ±3%, whereas simultaneously drawn femoral dialysate caused a mean fall in PD of -10 ±4% and in SCC of -18 ±3%. The difference between these two means is significant (P < 0.05) and the mean difference between the paired samples shown in Table V is also significant (P < 0.02). Jugular Measurements of important ionic constituents of dialysate showed a lower mean pH of diuretic dialysate compared to hydropenic dialysate (Table I) . It is unlikely that the range of pH observed in diuretic dialysate would have had an effect by itself on sodium transport (22) . Furthermore, there was overlap in the data, so that some hydropenic samples showing no inhibition of SCC had similar pH to some diuretic samples showing inhibition of SCC. However, to evaluate further the possible effect of alterations in dialysate pH on SCC, one dog was expanded with bicarbonate Ringer solution rather than saline to minimize the fall in pH of diuretic dialysate. Similar results were obtained as indicated in Table II . In addition, three hydropenic dialysates and one hydropenic ultrafiltrate were titrated to the pH range of the diuretic samples by the addition of 0.1 N hydrochloric acid, and the effects on the toad bladder were then compared to those effects obtained with untreated samples. The four untreated samples had a mean pH of 7.46 +0.05 (Pc02 = 22.5) and caused a mean change in PD of -1 ±-5%, and in SCC of -1 ±3%. After titrating these samples to a mean pH of 7.33 ±0.01 they caused a mean change in PD of + 2 ± 5% and in SCC of + 1 ±44%. Thus, the lower pH of the diuretic dialysates does not account for the inhibition of SCC.
Additional evidence that a change in plasma composition secondary to the saline infusion was not responsible for the effects of diuretic dialysates on the toad bladder is also provided by the miniature Klung studies. Alexander and Galletti have shown that, in contrast to the plasma clearance of inorganic ions, plasma clearance of macromolecules by cuprophane membranes in the Klung dialyzer decreases as molecular weight increases (23) . As a result, as dialysis time increases, the amount of any given macromolecule transferred to the dialysate increases. Thus, if the inhibiting property of diuretic dialysate were due to a dialyzable macromolecule, rather than to a nonspecific ionic alteration. the appearance of the inhibitory property of diuretic dialysate would be related to the length of dialysis time. The data in Table II show that dialysates of diuretic plasma obtained after 2-4 hr's dialysis time in the miniature Klung had no effect on SCC whereas those obtained after 16-19 hr had effects similar to diuretic dialysates obtained from the large Klung. This result demonstrates that the property of diuretic dialysate which inhibits SCC required more than 4 hr dialysis time in a 50 cm2 Klung to be detected. This is longer than would be necessary for any alteration in ionic composition due to the saline infusion to be fully reflected in the dialysate. Furthermore, this result would not be expected if the inhibition of SCC were due to dilution of some natriferic humoral factor.
Possible differences in metabolic substrate concentrations among the dialysates were not controlled in these studies. Although the mean glucose concentration in the diuretic dialysate was lower than in hydropenic dialysate (Table I) , it seems unlikely that dilution of glucose or of other metabolic substrate concentrations could account for these results for several reasons. First, as was the case with pH, there was considerable overlap in glucose concentrations between diuretic and hydropenic samples. Secondly, bladders exposed to substrate-free media show a gradual decline in SCC, not a rapid fall as shown in these studies (24) . Furthermore, the results of the miniature Klung studies (Table  III) These results, together with the studies of plasma ultrafiltrates, suggest that plasma of volume-expanded dogs contains a factor or factors which inhibits sodium transport of the toad urinary bladder. The upper limit of the molecular weight of this factor can be estimated from the Diaflow membrane experiments. These membranes have been shown to be selective molecular filters. allowing passage of substances on the basis of molecular weight and configuration (15) . Assuming that this property of Diaflow membranes is applicable to the conditions of this study, the results summarized in Table IV suggest that the molecular weight of the factor inhibiting SCC is probably no greater than 3000. 6 The pattern of inhibition of SCC was similar in all studies. The onset of inhibition was rapid (within [3] [4] [5] min), the inhibition reached a stable plateau in 10-20 min and was rapidly reversible (Fig. 2) . In addition, the effect was specific for the serosal surface of the bladder (Table II) . In this respect. the effect of this factor on toad bladder sodium transport is similar to that of vasopressin and oxytocin (20) and unlike that of aldosterone (25) . which requires a lag time of approximately 1 hr to exert its effect.
Some explanation is required for the fact that ultrafiltrates and dialysates caused the same degree of inhibition of sodium transport (Tables IT and IV The studies comparing the effect of ultrafiltrates of jugular and femoral plasma were performed in an attempt to gain some knowledge of the site of origin of the sodium transport inhibitor. These studies show more inhibition of SCC by jugular plasma ultrafiltrates in six of seven paired studies. Furthermore, in four of the seven studies, the effect of femoral vein ultrafiltrates was indistinguishable from the effect of hydropenic ultrafiltrates. These results strongly suggest that femoral plasma contains a lower concentration of the factor than does jugular plasma, and the results are compatible with the interpretation that the factor originates in some structure in the head or neck. These studies also provide further evidence against the possibility that the inhibitory property of plasma is due to some nonspecific dilutional change resulting from the saline infusion, since any dilutional effects would likely be similar in both jugular and femoral plasma.
Because of the consistent ordering of the experiments such that controls always preceded experimental periods, it is possible that the transport inhibitor might have appeared and disappeared in plasma spontaneously as a function of time. It can be demonstrated that the presence of the factor was a function of the saline infusion and not of time by comparing the results of group I versus group II experiments. In 13 group I experiments (Table II) the control period from the time of induction of anesthesia to the end of the hydropenic dialysis and the beginning of saline infusion was approximately 100-160 min. In contrast, in the 13 group II experiments (Table IV) the control period from the induction of anesthesia to the beginning of saline infusion was only 10-34 min, so that there was overlap with respect to time between the experimental period in group II studies and the control period in group I studies. This is illustrated by the data in Table VI comparing a group I  study (experiment 12, Table II, and experiment A,  Table IV the group II experiment, which showed no inhibition of sodium transport, was obtained at a time which corresponded closely with the diuretic sample obtained after 305 min in the group I study. The presence of a sodium transport inhibitor in plasma of dogs in this study could be incidental to some effect of volume expansion and does not necessarily imply a cause and effect relationship between the factor and the natriuresis of acute saline loading. It has been shown that acute infusions of saline result in alterations of peritubular physical factors which inhibit tubular sodium reabsorption and which may account for saline diuresis (26, 27) . Furthermore, organ ablation studies have shown that neither the head nor any other organ is necessary for the occurrence of natriuresis after saline loading (9, 28) . Thus, a natriuretic hormone may not be necessary to account for the diuresis of acute saline loading. However, the depression of tubular sodium reabsorption, demonstrated during deoxycorticosterone (DOCA) escape (29) and hyperoncotic albumin infusion (30, 31) , does not appear to be associated with Sodium Transport Inhibitor in Plasma of Saline-Loaded Dogs the same dilutional and hemodynamic changes which accompany massive saline infusions. Additional studies will be necessary to determine whether the factor demionstrated in our studies plays a role in either of these situations or in any of the other as yet unexplained natriuretic states.
The relationship between the factor demonstrated in these studies and possible natriuretic factors demonstrated by others cannot be ascertained with certainty. However, the present results indicating a low molecular weight factor which inhibits active sodium transport in amphibian epithelium in vitro, and having a higher concentration in jugular vein blood appear similar to those of Cort et al. (11) . Bricker et al. (32) have demonstrated a factor in uremic plasma that inhibits P-aminohippuric acid (PAH) transport in renal cortical slices, and which may be an inhibitor of several tubular transport systems and possibly a natriuretic hormone. The low molecular weight of their factor is similar to that of ours, and in addition, these investigators have recently reported that their factor inhibits frog skin and red cell sodium transport (33) .
Several prostaglandins have been shown to cause natriuresis (34) , and Lee and Ferguson have suggested that one of these might function as a natriuretic hormone (35) . It seems unlikely that the factor demonstrated in these studies is a prostaglandin since PGE1 has been shown to increase rather than inhibit sodium transport in the frog skin in vitro (36, 37) . Sealey, Kirshman, and Laragh (38) have reported a humoral substance in volume-expanded rats that causes natriuresis when injected into the renal artery of water-loaded rats with diabetes insipidus. The molecular weight of this factor of approximately 50,000 seems to distinguish it as a different substance from that demonstrated in these studies.
